SYNOPSIS. Drosophila subobscura is a European (EU) species that was introduced into South America (SA) approximately 25 years ago. Previous studies have found rapid clinal evolution in wing size and in chromosome inversion frequency in the SA colonists, and these clines parallel those found among the ancestral EU populations. Here we examine thermoplastic changes in wing length in flies reared at 15, 20, and 25؇C from 10 populations on each continent. Wings are plastically largest in flies reared at 15؇C (the coldest temperature) and genetically largest from populations that experience cooler temperatures on both continents. We hypothesize that flies living in cold temperatures benefit from reduced wing loading: ectotherms with cold muscles generate less power per wing beat, and hence larger wings and/or a smaller mass would facilitate fight. We develop a simple null model, based on isometric growth, to test our hypothesis. We find that both EU and SA flies exhibit adaptive plasticity in wing loading: flies reared at 15؇C generally have lower wing loadings than do flies reared at 20؇C or 25؇C. Clinal patterns, however, are strikingly different. The ancestral EU populations show adaptive clinal variation at rearing a temperature of 15؇C: flies from cool climates have lower wing loadings. In the colonizing populations from SA, however, we cannot reject the null model: wing loading increases with decreasing clinal temperatures. Our data suggest that selective factors other than flight have favored the rapid evolution of large overall size at low environmental temperatures. However, selection for increased flight ability in such environments may secondarily favor reduced body mass.
INTRODUCTION
Most ectotherms show thermally mediated plasticity in body size: animals that develop at a lower temperature generally reach maturity at a larger size (Atkinson, 1994) . Likewise, many studies of Drosophila show clinal (genetic) variation in wing and thorax size, with larger flies generally found in cooler habitats (Stalker and Carson, 1947; Sokoloff, 1965; David and Bocquet, 1975; Coyne and Beecham, 1987; Capy et al., 1993; Imasheva et al., 1994; James et al., 1995; Pegueroles et al., 1995; van't Land et al., 1995) . Repeated patterns of clinal variation in body and wing size of Drosophila and other insect species provides a remarkable testament to the power of natural selection (Endler, 1977) , although exactly what is being selected remains elusive (Partridge and French, 1996; Bochdanovits and de Jong, 2003; Santos et al., 2004) ! Two classes of adaptive explanations and one class of nonadaptive hypotheses for thermal influences on body size have been proposed. The first adaptive class suggests that size itself is under selection at high and/ or low temperatures (Partridge and French, 1996) . Flies that were artificially selected for large winged adults (while controlling for cell size changes) had higher fitness under cold conditions than flies selected for small wing size in both female (McCabe and Partridge, 1997 ) and male (Reeve et al., 2000 show a prolonged survivorship and higher fecundity under cold conditions, although the precise mechanisms conferring higher fitness to large winged individuals in the cold were unknown. One possibility is large wing size increases flight ability at cool temperatures and this, in fact, is what is under selection. Mechanistically, this would require that wing size, but not body mass, would increase in the cold. This idea will be developed more fully below. The second class of adaptive explanation argues that size changes with regards to temperature are a correlated effect of natural selection acting on the thermal sensitivity of life history characters. For example, if juvenile mortality in warm environments is high, then selection should favor a reduction in age at maturation, with a correlated reduction in body size (e.g., Williams, 1966; Roff, 1981; Ludwig and Rowe, 1990) . Variants of the correlated model include a possible overall advantage of short generation time when temperatures are high and resources are abundant, driven by ''interest compounding'' population growth (e.g., Sibley and Atkinson, 1994) . Nunney (1996) showed that selection for a shorter larval development time in D. melanogaster produced a 15% reduction in adult weight. Most of these models predict an overall reduction in body mass as a consequence of selection for reduced development time.
Finally, nonadaptive models, which suggest that changes in size with temperature arise as an incidental effect of growth and developmental constraints, have been used to predict both clinal and plastic increases in body size at lower temperatures (von Bertalanffy, 1960; van der Have and de Jong, 1996; Van Voorhies, FIG. 1. Null and adaptive hypotheses for changes in wing loading ( w ) with temperature. T dev is indicated by the temperatures on the right. 1996). These models predict an increase in overall body mass with declining temperature to some critical point at which mass will begin to decline with further decreases in temperature.
The relative size of flying animals has an important functional significance: the flight apparatus must be able to overcome the force of gravity and lift the mass of the body. The flapping motion of the wings greatly complicates the aerodynamics, compared to a fixed wing operating under steady state conditions, but some generalities can still be drawn. The amount of lift generated by a single wing stroke is positively related to the area, shape, and velocity of the wing (Dudley, 2000) . Assuming a constant wing shape and oscillating stroke, the average lift is proportional to the square of wingbeat frequency (Ellington, 1984) . Because the wingbeat frequency and power output of small ectotherms, like Drosophila, declines with decreasing temperature (Curtsinger and Laurie-Ahlberg, 1981; Unwin and Corbet, 1984; Stevenson and Josephson, 1990) , the total lift generated by flies exposed to cold temperatures declines substantially.
One way to compensate for these effects of low temperature on wingbeat frequency would be to increase the relative size of the wings or, more specifically, to reduce the overall wing loading (Reed et al., 1942; Stalker, 1980; Starmer and Wolf, 1989; David et al., 1994; Azevedo et al., 1998) . Wing loading ( w ) is defined as the pressure exerted by the wings on the surrounding air: w ϭ wet weight/wing area. All else being equal, either a plastic or genetic reduction of wing loading under cool conditions would facilitate flight performance. Indeed, Stalker (1980) found that Drosophila melanogaster that were capable of flight between 13 and 15ЊC had lower values for an index proportional to wing loading than did flies that were able to fly only at warmer temperatures (16 and 28ЊC).
On the other hand, simple dimensional analysis of the above equation yields the expectation that wing loading will increase with overall size (Dudley, 2000) . For a characteristic linear dimension l, wing loading should increase with size: w ϰl 3 /l 2 ϭ l. Indeed, wing loading does increase with body mass in broad taxonomic comparisons of various species of moths (Casey and Joos, 1983) and drosophilids (Starmer and Wolf, 1989) . Within species, however, size (l) generally increases either genetically or plastically with decreasing temperature; thus the null expectation is that wing loading also should increase in animals adapted to or grown in cold conditions. The contrast between this null model, predicting greater wing loading in the cold versus the counter-gradient (adaptive) model (Conover and Present, 1990) of reduced wing loading in the cold outlined above provides a well defined set of qualitative predictions for patterns of plastic and clinal variation (Fig. 1) Fig. 1, right) .
In this paper, we examine both plastic and clinal changes in wing length and wing loading in native (European) and introduced (South American) populations of Drosophila subobscura along parallel latitudinal gradients that span ϳ1,500 km. Size clines are well documented in the ancestral European populations (Prevosti, 1955; Misra and Reeve, 1964) . The introduction of D. subobscura to South and North America in the late 1970s (Brncic and Budnik, 1980; Beckenbach and Prevosti, 1986; Ayala et al., 1989) set up a remarkable ''natural experiment'' in evolution. Collections about a decade after the colonization failed to detect a cline in wing size (Pegueroles et al., 1995) . However, collections two decades after the introduction show that both North (Huey et al., 2000; Gilchrist et al., 2001) and South American (Gilchrist et al., 2004) populations had evolved size clines parallel to those in Europe. We survey the descendents of flies collected from 11 sites in EU and 10 sites in SA. Lab populations were reared under uniform conditions for approximately 10 generations. Individuals from each population were then reared from egg to adulthood at 15, 20 or 25ЊC to assess plastic variation in body size. As rearing conditions within each T dev are the same for all populations, we interpret variation among populations as reflecting clinal patterns of genetic variation. Ambient temperatures on both continents are inversely correlated with latitude (Table 1) .
We tested our hypotheses with a series of linear models (outlined below). We find that both the ancestral European and the recently invading populations in South America exhibit adaptive plasticity: wings are larger for flies reared in the cold, even though wing loading is reduced. Thus, the new colonists share that ancestral pattern of plastic variation. Clinal patterns differ, however, between continents. European flies exhibit either a flat or a positive clinal pattern of wing loading with regard to temperature. This is consistent with the adaptive hypothesis for evolutionary change. However, we cannot reject the null clinal hypothesis for the South American flies: wing loading increases genetically with body size and with decreasing environmental temperature. Thus we see consistent patterns of thermoplastic variation in both the ancestral and derived populations, but only adaptive clinal change in the ancestors.
METHODS AND MATERIALS
The flies used in this study are descended from European collections made in April 1998 and South American collections made in November 1999. Collecting sites are listed in Table 1 . At each site 20 to 25 gravid females were collected and maintained in the lab as isofemale lines for about five generations. Ten males and ten females were collected from each isofemale line and combined in a population cage maintained under continuous culture in a Percival incubator at 20ЊC on 14L:10D. Populations are maintained at approximately 1,000 adults on cornmeal/molasses/yeast medium.
Flies for these experiments were established from the lab populations in the summer of 2000 (Europe) and the summer of 2001 (SA). Eggs were collected from the cages on yeasted plates and transferred in groups of 50 to vials containing 10 ml of medium. 12 vials were collected for each population; four replicate vials were transferred to each developmental temperature (15, 20, or 25ЊC) and reared to adulthood. Because of the large number of measurements that had to be recorded on each individual, populations within each continent were staggered in randomly chosen groups of three at two-to three-week intervals.
Adults were held for about 24 hr after eclosion before being killed with an overdose of ether. They were immediately weighed and assigned a unique identification label before being placed individually into 0.5 ml microcentrifuge tubes and frozen at Ϫ4ЊC. Within a few days, the thorax was photographed in lateral view through an Olympus SZX12 dissecting micro- scope with a Fujix HC-300Z digital camera. Both wings were removed at their insertion point on the thorax and mounted on a microscope slide. The left and right wings were digitally photographed individually. Thorax length (from the anterior edge of the pronotum to the posterior tip of the scutellum) was digitally recorded (SigmaScan, SPSS, Inc. Chicago). Several landmarks on each wing (Fig. 2) were also digitized, and the area of their convex hull was computed as an index of wing area. Wing length was computed as the summed distances L1 and L2, which are the proximal and distal segments of the IV th wing vein (Fig. 2) .
Statistical analysis
For each population and sex, we analyze the mean of wing length, wing loading, wing area, and wet mass. Clinal patterns were determined by linear regression of the trait means on clinal temperature (T cline ). To analyze both plastic and clinal patterns of wing length or wing loading, we used a general linear model with developmental temperature (T dev ) as an ordered factor, clinal temperature (T cline ) as a continuous variable, and Continent and Sex as fixed factors. The general model is Trait ϳ Continent ϩ Sex ϩ T dev ϩ T cline ϩ interactions ϩ error. Initially, all interactions were computed to test for homogeneity of linear effects. All non-significant interaction terms were removed for the final models. The clinal temperature index (T cline , the first principal component of mean seasonal minimum and maximum daily temperatures) was created from published weather data for each site and shows a strong negative correlation with latitude on both continents (Table 1; for more information, see Gilchrist et al., 2004) . Specific criteria for rejecting the various null models are detailed in the Results.
RESULTS

Does wing size increase in the cold?
Previous studies suggest that we should observe plastic increases in wing length with decreasing development temperature: this would be apparent if we see a significant negative linear orthogonal polynomial contrast for T dev (Huey et al., 1999) . Heterogeneity among the sexes or the continents would be indicated by a significant interaction between T dev and Sex or Continent. Inspecting the relative positions of the regression lines in Figure 3 , we note that wing size decreases with increasing T dev for both females and males in both ancestral Europe and recently invaded South America (linear coefficient: Ϫ0.1063, F [1, 120] ϭ 2382, P Ͻ 0.0001). We found no significant interaction terms (all P Ͼ 0.10). Furthermore, overall wing length between Europe and SA was not significantly different (F [1, 120] , 2.24, P Ͼ 0.1).
Clinal (genetic) patterns in size would be indicated by a significant negative slope of wing length on T cline , such that flies from cool temperature sites would be significantly larger than those from warm temperature sites. The regressions for each combination of Continent, Sex, and T dev are shown in Figure 3 , and the statistics tabulated in Table 2 . At the near-optimal temperature of 20ЊC (Maynard-Smith, 1957; MaynardSmith, 1958) , both sexes on both continents show significant clinal decreases in wing length with temperature. Interestingly, the clinal pattern is somewhat reduced in the colonizing South American flies that were reared at either 15 or 25ЊC (slopes not significantly different from zero), whereas the ancestral European populations show parallel clines at all rearing temperatures (Fig. 3, Table 2 ). 
Does wing loading decrease in the cold?
Our null model suggests that, all else being equal, the largest flies will have the largest wing loadings. We would reject the null-and accept the hypothesis of adaptive plasticity-if we found that flies reared at 15ЊC have lower wing loadings than do flies reared at 25ЊC. We find evidence of adaptive plasticity for both females and males (Fig. 4) in most populations in Europe and Chile (linear coefficient: 0.08172, F [1, 117] ϭ 63.1, P Ͻ 0.00001, no significant interactions [P Ͼ 0.20] with Sex or Continent). Thus, flies reared in cold temperatures generally have lower wing loadings than those reared in high temperatures in spite of a larger size.
The null clinal pattern would be supported by a negative relationship between T cline and wing loading, as we have observed for T cline and size. We would reject the null if we found the opposite: a significant, positive linear slope between T cline and wing loading (Fig. 1) . In fact, the pattern differs between the ancestral European and the invading South American populations (comparison of slopes: F [1, 117] ϭ 9.66, P Ͻ 0.0025): the ancestral European flies have positive slopes at 15 and 25ЊC (Fig. 4, Table 2 ), consistent with the adaptive hypothesis, whereas the SA invaders tend to have negative slopes at all temperatures, consistent with the null hypothesis. The greatest difference between the continents is at T dev of 15ЊC, where both sexes of the ancestral European flies from cool climates have significantly lower wing loadings than do those from warm climates (Fig. 4, Table 2 ). SA flies exhibit the opposite: flies from cold sites have higher wing loadings. Interestingly, flies from either Europe or SA reared at the presumed temperature optimum for D. subobscura (20ЊC) show relatively little clinal pattern in wing loading (Table 2) . Thus flies adapted to cooler climates tend to reduce wing loading more when reared at cool temperatures. In contrast, flies adapted to warm climate that develop at warm temperatures show less of a response. Moreover, this plastically mediated pattern of adaptation is present only in the ancestral European population, and not in the South American invaders. Although the European sites which we studied span a broader T cline range than the SA sites, restricting the analysis to populations spanning only the SA T cline range yields similar results to the full dataset.
Patterns of variation in the components of wing loading
We examined clinal variation in wet weight and in total wing area to determine which (or both) contributed to the clinal patterns of wing loading. Significant plastic variation in wet weight was apparent, showing a significant linear decline with T dev (linear coefficient: Ϫ0.1357, F [1, 117] ϭ 156.99, P Ͻ 0.0001) and no significant differences in this pattern between the continents (F [1, 117] ϭ 0.418, P Ͼ 0.5). Clinal variation in wet weight was very weak: most slopes declined with T cline , but with slopes not significantly different from zero (Table 2) Wing area showed highly significant plastic increases at low T dev (linear coefficient: Ϫ0.2174, F [1, 120] ϭ 2551.71, P Ͻ 0.0001) and no significant interactions with Sex or Continent (all P Ͼ 0.1). In contrast to the weak clinal pattern in wet weight, wing area showed strong negative slopes with T cline at all rearing temperatures (Table 2) . Although no significant interaction between Continent and T cline was apparent (F [1, 119] ϭ 2.016, P Ͼ 0.15), clinal patterns appear somewhat steeper at 25ЊC in Europe than in South America (Table 2). Moreover, wing area in the ancestral European flies was significantly greater overall than in the SA invaders (F [1, 117] ϭ 111.40, P Ͻ 0.0001).
DISCUSSION
In this paper, we raise the question of whether wing size clines might reflect selection imposed by the temperature sensitivity of flight. In insects, including Drosophila, cold temperatures lower wing beat frequency and thus power output (Reed et al., 1942; Unwin and Corbet, 1984; Stevenson and Josephson, 1990) , resulting in reduced flight performance. If flight is important for fitness, then reduced power output should favor reduced wing loading, the ratio of body mass to wing area, as this would help compensate for reduced flight performance (Reed et al., 1942; Stalker, 1980; Starmer and Wolf, 1989; David et al., 1994; Azevedo et al., 1998) . Reduced wing loading can be achieved by reducing body mass, by increasing wing area, or by both (Berrigan, 1991a; Dudley, 2000) .
Opposing this adaptive expectation is a simple null hypothesis for the relationship between wing loading and environmental temperature. From dimensional analysis, wing loading should increase in proportion with linear body measures: this pattern is consistently observed in empirical comparisons among species (Bartholomew and Heinrich, 1973; Casey and Joos, 1983; Starmer and Wolf, 1989; Dudley, 2000) . Thus, we have a qualitative contrast between predicted patterns of adaptive versus nonadaptive changes in wing loading with temperature (Fig. 1) .
Most comparative studies have not measured wing loading directly (i.e., from estimates of both body mass and wing area). Instead, most use a linear measure of thorax size as an index of body mass (Starmer and Wolf, 1989; David et al., 1994; Petavy et al., 1997; Azevedo et al., 1998; Karan et al., 1998; Karan et al., 2000) . This approach, however, may be misleading. Females typically have much larger abdomens than males, sometimes carrying egg loads that exceed 100% of their nonreproductive mass. In spite of the mass difference, sexual dimorphism in thorax length may be relatively small (Berrigan, 1991b) . Thorax length may be more closely related to the total power output than to the total load that is being lifted (Marden, 1989a (Marden, , b, 1995 , thus it might be adaptive to have a relatively large thorax in cold temperatures.
The recent introduction of European Drosophila subobscura into South America in the late 1970s (Brncic and Budnik, 1980; Brncic et al., 1981) creates a ''natural experiment'' for testing hypotheses about adaptive vs. non-adaptive evolution. Latitudinal clines of the chromosomal arrangements began forming almost instantaneously in the South American invaders (Prevosti et al., 1988; Ayala et al., 1989; Prevosti et al., 1990; Balanyà et al., 2003) . In contrast, wing size clines were not evident in SA (Budnik et al., 1991; Pegueroles et al., 1995) about one decade after the introduction (1986). Two decades after the introduction, however, a significant wing size cline for SA females has evolved and is essentially parallel to the ancestral cline in Europe (Fig. 2 and Calboli et al., 2003; Gilchrist et al., 2004) . Most evidence suggests that the New World colonists are derived from the Mediterranean region of southern Europe (Prevosti et al., 1987 (Prevosti et al., , 1988 Ayala et al., 1989; Mestres and Serra, 1995; Mestres and Pascual, in preparation) . If so, then the original colonists should have had a relatively small wing size and a large wing loading. Furthermore, those colonists should have maintained ancestral patterns of plasticity, adaptive or otherwise, barring some significant change in genetic architecture associated with a genetic bottleneck. Thus, both the ancestral and colonizing populations should show similar patterns of plasticity in wing size and wing loading in response to T dev . If selection on wing size is partially for enhanced flight in the cold, with a correlated reduction in wing loading, then we would expect to see a qualitatively similar pattern of decreasing wing size and increasing wing loading in response to T cline on both continents. Of course, the high-latitude South American flies have not had long to adapt to cold conditions, and so might still show relatively high wing loading, compared to high-latitude flies in Europe.
Plastic and clinal variation in wing length
Ancestral and introduced populations of D. subobscura show patterns of both plastic and clinal variation in wing length (Fig. 3) . Plastic variation in wing length is negatively related to T dev , as expected. This is consistent with previous studies of plastic variation in wing and body size in a variety of ectotherms (reviewed in Atkinson, 1994; Partridge and French, 1996) .
Genetic variation in wing length is negatively correlated with T cline (Fig. 3, Table 2 ). Replicated wing size clines represent one of the most often cited signals of natural selection at work (Endler, 1977) . Most native and introduced drosophilids show latitudinal variation in wing size, with similar patterns occurring in species on different continents (D. pseudoobscura: [Sokoloff, 1965] ; D. robusta: [Stalker and Carson, 1947] ; D. simulans: [David and Bocquet, 1975] ; D. obscura: [Pegueroles et al., 1995] ; D. melanogaster: [Coyne and Beecham, 1987; Capy et al., 1993; Imasheva et al., 1994; James et al., 1995; van't Land et al., 1995; Gilchrist et al., 2000] ); Zaprionus indianus: [Karan et al., 2000] ).
Although our flies show thermal/latitudinal clines in size, we were surprised to find relatively flat slopes of wing size on T cline in both females and males in the SA colonists at 25ЊC (Fig. 3, Table 2 ). Whereas T dev has no effect on the slopes of the European clines, this is clearly not the case for SA flies. Further research into the significance of this pattern is currently underway.
Plasticity and clinal variation in wing loading
The observed plasticity in wing loading is consistent with the adaptive hypothesis in both European and South American D. subobscura (Fig. 1) . Flies reared at lower T dev have lower wing loadings than flies reared at higher T dev (Fig. 4) . This is true of both sexes and both continents, as one would expect if the New World colonists brought the genetic basis for this trait with them. What accounts for the decreased wing loading at low T dev ? Wet weight increases with decreasing T dev , however, wing area also increases and does so dramatically (Table 2) . Thus, both ancestral and invading flies developing at low T dev achieve reduced wing loading despite having larger masses.
In contrast, the genetically based changes in wing loading across patterns of T cline (Fig. 4) show a mixture of similarities and differences in pattern between the ancestral and invading continents. First, wing loading in either females or males reared at 20ЊC shows no significant cline on either continent, an ambiguous result with regard to our hypotheses. But at rearing temperatures of 15 and 25ЊC, a sharp difference emerges between continents. Clinal slopes for the ancestral European females and males at these T dev 's are all positive, whereas those for their South American counterparts are all negative. Thus at T dev of 15 and 25ЊC, the European flies show a pattern consistent with adaptive clinal variation in wing loading, whereas the South American flies show a nonadaptive pattern of variation consistent with our null hypothesis. The adaptive clinal pattern is strongest at T dev of 15ЊC, where the European flies of both sexes have evolved significantly lower wing loadings in cooler, high-latitude populations than are found in warmer, low latitude populations.
The results presented here are generally consistent with the previous studies combining plastic and clinal variation in wing loading in drosophilids. Azevedo and colleagues (1998) studied clinal and plastic variation in 22 populations of Australian D. melanogaster. These populations had already been shown to genetically increase in wing and thorax length with increasing latitude and decreasing temperature (James et al., 1995) . Azevedo et al. (1998) used the ratio of (wing area) 0.5 /(thorax length) to yield a null expectation of zero slope for the regression of this wing-loading index on latitude [Note: because of a typographical error, the square root in this formula is missing throughout the paper: R. Azevedo, personal communication] . They found that the square root of wing area increased more rapidly than thorax length across latitudes. They therefore rejected the null hypothesis in favor of the adaptive clinal expectation. Likewise, they found that wing loading increased with T dev , supporting the expected adaptive pattern of plasticity. Similarly, Morin et al. (1999) examined plastic and genetic variation in French and Caribbean populations of D. melanogaster and D. simulans. In both species, flies reared at lower temperatures and from cooler habitats (France) had lower wing loadings despite having the generally larger wing and thorax sizes in flies reared in or adapted to the cold.
A few additional studies have examined indices of wing loading. Karan (1998 Karan ( , 2000 found a positive latitudinal cline in the wing length/thorax length ratio (inversely related to wing loading) in two species of drosophilids, a result consistent with the hypothesis of an adaptive response to clinal variation in temperature. David et al. (1994) and Petavy (1997) found an adaptive pattern of plasticity: larger wing/thorax length ratios were generally found in flies reared under cooler conditions.
Adaptive reductions in wing loading could be achieved either through a reduction in body mass or an increase in wing area (or both), however, the costs of these solutions may differ significantly. Increasing wing area is probably relatively inexpensive, in terms of material and energy. In contrast, reducing body mass extracts a significant cost because it comes at a cost of reproductive investment (Marden, 1989b (Marden, , 1995 Berrigan, 1991b) ; female body mass in many insects is highly correlated with fecundity (Nunney and Cheung, 1997; Reeve and Fairbairn, 1999) . In the ancestral European populations, wing area decreases more steeply and body mass decreases less steeply with T cline than in SA, especially at 15ЊC.
The SA flies do not exhibit an adaptive clinal pattern of wing loading at any T dev . Instead, wing loading increases positively with wing size and body mass (and negatively with T cline ), a pattern that must have evolved in the SA flies since their introduction in the late 1970s. This apparently maladaptive pattern (at least in the context of flight in cold weather), suggests that some factor other than flight performance has favored the evolution of clines where overall size simply decreases with temperature (Table 2) . It remains unclear if this selection is imposed by a direct advantage of being large in the cold and/or small in the warm (e.g., McCabe and Partridge, 1997; Reeve et al., 2000) , or if it might arise as a correlated response to selection on development time (Nunney, 1996; Partridge and French, 1996; Bochdanovits and de Jong, 2003; Santos et al., 2004) .
In contrast, the European flies show an apparently adaptive interaction between plastic (in response to T dev ) and genetic (in response to T cline ) adjustments in wing loading. In the ancestral European populations of Drosophila subobscura, there is little clinal variation in wing loading in flies reared under near-optimal rearing conditions of 20ЊC (Maynard-Smith, 1957; Maynard-Smith, 1958) . Rearing under cool (15ЊC) conditions reveals an adaptive, positive relationship between wing loading and the T cline of the source population: cold-reared flies from cool climates decrease their wing loadings to a greater degree than do cold-reared flies from warm climates. This plastic adjustment of the clinal pattern would allow cold-adapted populations to maintain relatively high wing loadings (and, therefore, potentially higher fecundity) during parts of the year when the weather is warm and flight is less thermally constrained. Perhaps this represents a secondary phase of clinal evolution that eventually will take place in the South American invaders. Future selection experiments and studies of introduced flies in North America may help to better understand these patterns.
